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As climate changes around the globe, forest ecosystem management must change as well. 
Future climate in north central Minnesota is expected to include higher seasonal temperatures, 
longer growing seasons, decreases in growing season precipitation and increases in frequency 
and severity of drought. Additionally, altered disturbance regimes, the introduction of exotic 
pests and pathogens, habitat fragmentation, and landscape homogenization have left forest stands 
vulnerable to undesirable state shifts in which an ecosystem transitions from a desirable state 
with high ecosystem productivity and service provision to a less desirable and less productive 
condition. The Adaptive Silviculture for Climate Change (ASCC) project was first established in 
a Pinus resinosa Ait. (red pine)-dominated forest, which is an economically and ecologically 
important forest type in the region in order to examine the impacts and effectiveness of three 
climate adaptation strategies (resistance, resilience, and transition) in an experimental, 
operational-scale setting. Designed around resisting the effects of climate change, resistance 
treatments aim to improve the health and defenses of forest stands, while resilience treatments 
were intended to create conditions that allow for change to occur but ensure an eventual return to 
a desired reference state. Transition treatments were designed to actively assist stands in 
transitioning to future climate and encouraging greater adaptive capacity within them. Using data 
collected during the fifth growing season since the site was treated, this study explores the short-
term effects of adaptation strategies on biodiversity in the understory woody community as well 
as predicted future adaptability of historically P. resinosa-dominated forests based on the natural 
regeneration that has established up to five years post-treatment.  
Field data, consisting largely of shrub and tree identification, density, and diameter 
measurements, were collected between May and August of 2019. Following field sampling, 
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aboveground woody stem biomass estimates were calculated using species-specific allometric 
equations. The relative importance of each species was then calculated based on biomass 
estimates, stem densities, and frequency of observation across each stand, providing a measure of 
abundance which then enabled calculation of species biodiversity and future relative adaptability. 
Species diversity and richness of woody stems was highest within the resilience treatments and 
lowest within unharvested control treatments. Species richness of natural tree regeneration was 
also highest within the resilience treatments. Importance of Prunus serotina Ehrh (black cherry), 
a species considered better suited to anticipated future climate, was highest within transition 
treatments. An analysis of the community-weighted mean for future adaptability (based on  
published species adaptability scores) indicates that the change in adaptability of natural 
regeneration relative to untreated controls is greater within transition treatments than within 
resistance and resilience treatments. These results demonstrate early success in improving and 
increasing stand-scale species biodiversity and, potentially, future adaptability through 
silvicultural treatments. Silvicultural manipulation also shows promise for increasing the density 
and relative importance of individual species considered better suited for future climate. While 
these are only short-term results, they demonstrate the ability to influence ecosystem diversity 
and adaptability through harvest and provide insight to managing forests in a time of changing 
climatic conditions and uncertainty. 
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CHAPTER 1.    GENERAL INTRODUCTION  
Forest ecosystems are increasingly considered to be complex adaptive systems generally 
able to self-organize following disturbance and abiotic changes (Fahey et al., 2018; Puettmann, 
Messier, & Coates, 2013); however, due to uncertainty in the future climate, there are fears that 
some forest ecosystems will be unable to adapt to altered climate conditions (Millar, Stephenson, 
& Stephens, 2007). Such ecosystems may face potential undesirable state shifts in which an 
ecosystem transitions from a high-functioning desirable state, to an undesirable state with 
reduced productivity and function (Loreau et al., 2001; Mooney et al., 2009; Tilman, Reich, & 
Knops, 2006). Changes in climate require changes to management if managed forest ecosystems 
are to maintain health and continue providing ecosystem services.  
Along with changing climate, species diversity and richness within ecosystems have been 
declining for many decades (Ciccarese, Mattsson, & Pettenella, 2012). Loss of species diversity 
and richness can lead to poor ecosystem health and leave them prone to invasion of novel pests 
or undesirable species due to a lack of defenses (Ledig, 1986). Land use changes, poor 
ecosystem management and habitat fragmentation are all drivers of declines in ecosystem 
biodiversity (Schulte, Mladenoff, Crow, Merrick, & Cleland, 2007). Along with degraded 
ecosystem health, decreases in biodiversity can lead to loss of ecological memory necessary for 
forest stands to re-organize following disturbance, further contributing to the risk of state shifts 
(Johnstone et al., 2016; Webster et al., 2018). With increasing threats emerging (including 
climate change), the maintenance and restoration of biodiversity is more important than ever.  
Forest ecosystem management that incorporates considerations related to climate 
adaptation has been increasing in use (Ontl et al., 2018), but there are few examples of 
implementation of these strategies in an experimental setting at an operational scale. To address 
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this need and other research objectives the Adaptive Silviculture for Climate Change (ASCC) 
project was established in 2013 to test ecosystem specific strategies designed around resisting the 
effects of change and maintaining the status quo, facilitating resilience to change by 
accommodating some change while encouraging the system to stay within its historic range of 
variability, and actively accommodating change through transitional treatments to encourage an 
adaptive response (Millar et al., 2007; Nagel et al., 2017). The first ASCC installation site was 
established in Pinus resinosa Ait. (red pine) -dominated forests in north central Minnesota, USA 
in 2015. 
Located on the western edge P. resinosa’s range, climate change impacts for north 
central Minnesota include drier and warmer growing seasons with the frequency and severity of 
growing season drought expected to increase (Handler, Duveneck, & Iverson, 2014). Warmer 
temperatures and drier soils may cause a decrease in the availability of suitable habitat for many 
of the tree species in the region (Iverson, Peters, Prasad, & Matthews, 2019). Historically, stand 
structure of P. resinosa-dominated forests included multiple cohorts with heterogenous stand 
structure and age classes, but due to landscape homogenization and even-aged management 
practices, many lack the age and structural diversity they once had (Fraver & Palik, 2012; Silver, 
D’Amato, Fraver, Palik, & Bradford, 2013). While even-aged management is beneficial for 
growing P. resinosa to achieve timber-focused objectives, maximize productivity, and decrease 
the risk of shoot-blight infections such as Diploydia pinea, the lack of diversity in age structure 
can leave managed and unmanaged stands alike poorly equipped to respond to overstory 
mortality due to disturbance (Hupperts, Dickinson, Webster, & Kern, 2018; Schulte et al., 2007; 
Webster et al., 2018). Exclusion of natural disturbances such as fire, which were historically 
common within the region, has allowed for recalcitrant shrub layers to form in the understory of 
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Pinus spp.-dominated forests which can lead to further reductions in the ability for species of the 
genus to naturally regenerate due to a lack of bare mineral soils and sunlight (Buckman, 1964; 
George & Bazzaz, 1999; Scherer, D’Amato, Kern, Palik, & Russell, 2016). Recalcitrant shrub 
layers also act as ecological filters by limiting establishment of shade intolerant species such as 
P. resinosa and allowing shade tolerant species such as Acer rubrum L. (red maple), to establish 
(Montgomery, Palik, Boyden, & Reich, 2013; Roberts, D’Amato, Kern, & Palik, 2017). Another 
barrier to natural regeneration of P. resinosa and other Pinus spp. within the region is herbivory 
from ungulates (Côté, Rooney, Tremblay, Dussault, & Waller, 2004; Rooney & Waller, 2003). 
Odocoilus virginianus Zimmerman (white tail deer) have been increasing in numbers in the 
region and browse pressure is expected to continue to increase (Frelich et al., 2012). Due to these 
hurdles in the management of P. resinosa and those anticipated with climate change, it is 
important to understand the impacts of silvicultural  treatments designed to achieve climate 
adaptation and how gains in resistance, resilience, and suitability to future climate might be 
balanced with other aspects of future desired conditions. 
The second chapter of this thesis explores the effects that the climate adaptation 
treatments (resistance, resilience, and transition) have on the diversity and composition of 
naturally regenerated woody tree and shrub species. As mentioned above, dense shrub layers can 
reduce plant species diversity, and in some extreme cases, alter succession by preventing the 
recruitment of later-successional species such as trees (Royo & Carson, 2006). Results of the 
study indicate that relative importance of Corylus species (shrubs) is highest within ‘no action’ 
control treatments where species diversity is lowest. Resilience treatments contain the highest 
importance of tree species. Species diversity and richness in the understory woody community is 
also highest within resilience treatments.  
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The second chapter also examines whether silvicultural treatments have the ability to 
influence the future adaptability of natural tree regeneration within the treated stands. Results 
indicate that resistance and resilience treatments did not encourage recruitment of a greater 
density of natural regeneration than observed in unharvested controls, nor did they increase the 
adaptability of that regeneration, based on the low mean adaptability scores. On the other hand, 
transition treatments produced the highest community adaptability score in natural regeneration. 
Thus, transition treatments have demonstrated the ability to facilitate natural regeneration of a 
tree community that may be better suited for the variability anticipated with future conditions.  
Finally, the third chapter of this thesis contains conclusions and management 
recommendations informed by the results of the previous two chapters. Based on the results 
presented here, recommendations for future management that include objectives related to forest 
health and adaptive capacity should consider the influence that shrubs may have on future 
adaptability of natural regeneration. While artificial regeneration provides a direct method of 
increasing future adaptability of the next cohort of trees, these results demonstrate the potential 
for achieving similar goals through natural  regeneration. The results presented within this thesis 
are limited to short-term responses (< 5 years post-treatment implementation), and these initial 
outcomes provide a window to the long-term responses that will emerge as the study continues.  
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CHAPTER 2.    FUTURE ADAPTABILITY AND COMMUNITY COMPOSITION OF 
PINUS RESINOSA DOMINATED FORESTS FOLLOWING EXPERIMENTAL 
HARVEST 
Modified from a manuscript to be submitted to Journal of Applied Ecology 
Lewis J. Wiechmann1, Miranda T. Curzon1, Brian J. Palik2 
1 Department of Natural Resources Ecology and Management, Iowa State University, 
Ames, IA, USA 
2 USDA Forest Service, Northern Research Station, Grand Rapids, MN, USA 
Abstract 
Global climate change will have major effects on ecosystems, requiring a change in the 
way those systems are managed. In an effort to address challenges associated with managing 
forests in an uncertain future, the Adaptive Silviculture for Climate Change study was first 
established in Pinus resinosa Alt. (red pine)-dominated forests in north central Minnesota, USA. 
Broad treatment strategies include: 1) resistance to change by increasing overstory individual 
tree health through reduction in competition, 2) resilience by creating conditions intended to 
allow the system to change within the range of its natural state of variability while also 
encouraging greater abundance of species suitable for projected future climate, and 3) transition 
which involves actively facilitating systems to have a more adaptive response. The present study 
aimed to address the following research questions: Can silviculture be used effectively to 
encourage natural regeneration that is better adapted to anticipated future climate? How do 
different climate adaptation strategies (resistance, resilience, and transition) influence natural 
regeneration relative to the no action (unharvested) control, and do their impacts on the 
understory woody community differ from one another in terms of abundance, composition, 
diversity, and adaptability?  
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Field data, consisting largely of shrub and tree identification, density, and diameter 
measurements, were collected between May and August of 2019. Following field sampling, 
aboveground woody stem biomass estimates were calculated using species-specific allometric 
equations. The relative importance of each species was then calculated based on biomass 
estimates, stem densities, and frequency of observation across each stand, providing a measure of 
abundance which then enabled calculation of species biodiversity and future relative adaptability. 
Woody species diversity and richness was highest following the resilience treatment and lowest 
in the unharvested controls. Species richness of natural regeneration was also highest within the 
resilience treatments. Importance of Prunus serotina Ehrh (black cherry), a species considered 
better suited to anticipated future climate, was highest within transition treatments. An analysis 
of the community-weighted mean for future adaptability (based on previously published species 
adaptability scores) indicates that the change in adaptability of natural regeneration relative to 
unharvested controls is greater within transition treatments than within resistance and resilience 
treatments. These early results of a long-term study indicate that the three climate adaptation 
treatments differed in their impact on natural regeneration; in particular, results suggest 
resilience treatments led to greater diversity in the understory woody community while transition 
treatments have potential to increase the adaptive capacity of natural regeneration in P. resinosa-
dominated forests.  
Introduction 
Forests in North America and around the globe face an uncertain future due to climate 
change (Handler et al., 2014; Millar et al., 2007; Swanston et al., 2018). Increased frequency of 
disturbance from drought, fire, wind,  and invasions of nonnative species, including pathogens 
and pests, create the potential for devastating losses of ecosystem services and function (Dale et 
al., 2001; Frelich & Reich, 2010; Hanson & Weltzin, 2000; Loreau et al., 2001).  
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 Alongside changes associated with climate, forest species biodiversity has been declining 
around the world, largely because of anthropogenic influences (Ciccarese et al., 2012; Newbold 
et al., 2015; Rands et al., 2010; Tittensor et al., 2014). Development, deforestation for other 
purposes, and silvicultural approaches focused narrowly on commodity production have 
contributed to landscape fragmentation, simplification of forest ecosystem structure, degraded 
habitat quality, and habitat loss (Schulte et al., 2007). Declines in biodiversity are expected to 
increase in coming decades as impacts from global environmental change continue to be realized 
(Bellard, Bertelsmeier, Leadley, Thuiller, & Courchamp, 2012; Mooney et al., 2009; Moritz & 
Agudo, 2013). Changing climate will likely cause suitable ranges for species to shift, and plant 
species, in particular, may not be able to adapt accordingly. Habitat fragmentation, a dearth of 
adequate natural migration corridors, and other limitations to seed dispersal may inhibit many 
species from migrating to more suitable locations (Halpin, 1997). Tree species at the edge of 
their contemporary ranges may not be able to persist with changes in climate, resulting in a 
further decrease of biodiversity unless other, similarly functioning species take their place 
(Frelich & Reich, 2010; Iverson et al., 2019; Sendall, Reich, Zhao, & Jihua, 2015; Woodall, 
Westfall, D’Amato, Foster, & Walters, 2018). As a result, ecosystem health and function may 
also decline (Loreau et al., 2001; Tilman, Isbell, & Cowles, 2014) with implications for 
ecosystem service provision and broad economic impact (Mooney et al., 2009; Schulte et al., 
2007). A lack of species diversity in an ecosystem can also lead to resilience debt, where an 
ecosystem may be unable to reorganize following a disturbance (Johnstone et al., 2016; Millar et 
al., 2007; Webster et al., 2018). The potential loss of overstory trees, coupled with the inability 
of some tree species to regenerate under new climatic conditions, could lead to undesirable state 
shifts (e.g. from mixed conifer to hardwood forest or from forest to shrub land), further reducing 
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desired ecosystem function and health (H. D. Adams et al., 2012; Drever, Peterson, Messier, 
Bergeron, & Flannigan, 2006; Dudney, Hobbs, Heilmayr, Battles, & Suding, 2018). 
 Many ecologically and economically important tree species in the western Great Lakes 
region exist at or near the southern limit of their historical ranges in north-central Minnesota, 
USA (Frelich & Reich, 2010; Handler et al., 2014; Iverson et al., 2019; Swanston et al., 2018). 
Anticipated changes to future climate in the region include declines in growing season 
precipitation and rising average seasonal temperatures, both of which are expected to contribute 
to greater frequency and severity of growing season droughts (Dymond, Kolka, Service, & 
Bolstad, 2014; Handler et al., 2014; Swanston et al., 2018). Due to these changes, fire frequency 
and severity is expected to increase, and greater strain placed on limited water resources due to 
the extension of growing seasons and increased evapotranspiration from warmer temperatures 
(Dymond et al., 2014; Handler et al., 2014). Unfortunately, some of the most important species 
in the region are not suited for the climatic changes expected to occur; for example, current 
models suggest habitat suitability for Populus tremuloides Michx (quaking aspen) will decline, 
resulting in a decrease in relative importance over the next century (Iverson et al., 2019). 
Changing climate, along with disrupted natural disturbance regimes, landscape homogenization 
and deficient seedling establishment of native species, all may contribute to the development of 
less productive and/or less desirable forest types in the region (Bergeron et al., 2018; Buckman, 
1964; Hanberry, Palik, & He, 2012; Heinselman, 1973; Schulte et al., 2007).  
Many of the challenges listed above are known to reduce species diversity within forest 
ecosystems (George & Bazzaz, 1999; Loreau et al., 2001; Tilman et al., 2014). Additionally, a 
history of exclusion of natural disturbance processes such as fire has homogenized stands 
(Schulte et al., 2007; B. D. Young, D’Amato, Kern, Kastendick, & Palik, 2017), reducing 
17 
 
microsite variability and therefore limiting the wider range of species that typically reside in 
more complex forests (Ishii, Tanabe, & Hiura, 2004). The reduction in fire has also facilitated 
the development of recalcitrant shrub layers, dense shrub communities that persist for long 
periods of time (Royo & Carson, 2006) and act as ecological filters, limiting the abundance of 
species able to persist or establish in the shaded environment they create (George & Bazzaz, 
1999). Shade intolerant species such as Pinus banksiana Lamb. (jack pine) are filtered out, 
decreasing their importance within the stands (Frelich & Reich, 2010; George & Bazzaz, 1999; 
Royo & Carson, 2006). These conditions often allow greater encroachment of more competitive 
transitional hardwood species such as Acer rubrum L. (red maple) and Quercus rubra L. 
(northern red oak) (Buckman, 1964; Frelich & Reich, 2010; Gilmore & Palik, 2006; Hanberry et 
al., 2012; Schulte et al., 2007; T. P. Young & Peffer, 2010) and can even lead to regeneration 
failure of Pinus species altogether (Montgomery et al., 2013). Because of the influence on 
advance regeneration, recalcitrant shrub layers have potential to increase the likelihood of an 
undesirable state shift following overstory (and seed source) loss (Thrippleton, Bugmann, Folini, 
& Snell, 2018; T. P. Young & Peffer, 2010). For example, Rubus spp. can reduce regeneration 
within stands managed using group selection methods (to create large gaps), effectively 
eliminating the benefits of increased light availability for mid- and intolerant species sought from 
the management strategy (Kern, Reich, Montgomery, & Strong, 2012). Broad strategies are 
needed for managing forests in light of these combined concerns that enable forests to establish 
under one climate and persist until decades later, despite potentially rapid change in climate 
throughout development. Such management needs to include a degree of flexibility that enables 
ongoing adaptation to the changing conditions (Millar et al., 2007). Accordingly, managers are 
increasingly trying to incorporate approaches that facilitate resistance to change (through 
18 
 
improvement of forest health and defenses), resilience to disturbance (by allowing change to 
occur but keeping the system within its range of natural variability), and/or response to change 
(through actively assisting stands transition to a state considered more adapted to predicted 
future climatic conditions) (Millar et al., 2007; Ontl et al., 2018).  
 The Adaptive Silviculture for Climate Change project (ASCC) was established to 
determine what, if any, management strategies may prove effective at encouraging adaptive 
capacity in forests across North America as they respond to changing climate (Nagel et al., 
2017). The first installation in this larger research network, located on the Cutfoot Experimental 
Forest in the Chippewa National Forest of north-central Minnesota, USA (hereafter ASCC-CEF), 
focuses on Pinus resinosa Ait. (red pine)-dominated forests, due to their high ecological, social, 
and economic value (Gilmore & Palik, 2006; Johnson, 1995). One of the most widely planted 
species in the region, P. resinosa is frequently grown in monoculture stands with little to no 
structural diversity and limited biodiversity (Gilmore & Palik, 2006). This contrasts with natural, 
fire-origin stands that are characterized by greater vertical and horizontal structural complexity, 
multiple cohorts, greater occurrence of other tree species, and diverse understory assemblages  
(Fraver & Palik, 2012; Heinselman, 1973; Silver et al., 2013). Models suggest habitat suitability 
for P. resinosa, as well as other northern, sub-boreal tree species in the region may decline due to 
anticipated changes in climate (Iverson et al., 2019). Thus, the species faces numerous threats not 
just from stressors such as drought, but also from altered natural disturbance regimes (e.g. 
reduced frequency of low severity fire), heavy browse pressure from Odocoilus virginianus 
Zimmerman (white tail deer), and infection of shoot blights such as Diplodia pinea and 
Sirococcus conigenus from infected overstory trees (Gilmore & Palik, 2006). Building on 
knowledge of the importance of heterogeneity and diversity, the ASCC-CEF study aims to test 
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silvicultural prescriptions designed to encourage resistance, resilience, and transition in P. 
resinosa-dominated stands, as well as testing viability of novel species compositions through 
planting (Millar et al., 2007; Muller, Nagel, & Palik, 2019; Nagel et al., 2017).  
 While artificial regeneration through planting is common in P. resinosa forests 
throughout the Great Lakes region, natural regeneration is still a key component to forest 
recovery following disturbance (Franklin, Mitchell, & Palik, 2007; Martínez-vilalta & Lloret, 
2016; Redmond, Weisberg, Cobb, & Clifford, 2018). Lack of natural regeneration following 
forest disturbance can have major implications for future forest health and function (Martínez-
vilalta & Lloret, 2016; Thrippleton et al., 2018; Von Arx, Graf Pannatier, Thimonier, & Rebetez, 
2013). Trees are most vulnerable to environmental stresses during the seedling stage of life 
(Davis, Wrage, & Reich, 1998; Zimmermann et al., 2016); for seedlings to survive following 
establishment and persist over time they must be suited to their current climatic conditions and 
have the ability to adapt to future changes (Iverson et al., 2019; Swanston et al., 2018; Webster et 
al., 2018). Understanding what species are suitable for future climate conditions is crucial to 
effective forest management, ensuring that systems continue to function appropriately and 
provide desired ecosystem services such as timber production; however, quantifying the capacity 
for species to establish in current conditions and adapt successfully over time is profoundly 
difficult, and there is no single, widely applied approach for doing so.  
Using life-history traits, a scoring system has been created to compare the adaptability of 
specific individual species to predicted future climate based on a composite of biological 
characteristics (e.g. shade tolerance) and stress responses (e.g. tolerance of drought; Matthews et 
al. 2011). Recent work has applied this scoring system and used modeled responses to various 
climate scenarios over the next century to demonstrate that mixed species stands are more 
20 
 
adaptable to future climate than their single species analog at a regional scale (Kabrick et al., 
2017). However, little research has investigated future adaptability to climate at the stand scale, 
in particular the adaptability of naturally regenerating seedlings that will establish and need to 
persist under changing climatic conditions.  
The research presented here focuses on the short-term (5 year) response of natural 
regeneration to silvicultural treatments designed to increase  resistance, resilience, and adaptive 
capacity to climate change at the stand scale and seeks to answer several questions: Can 
silviculture be used effectively to encourage natural regeneration that is better adapted to 
anticipated future climate? How do different climate adaptation strategies (resistance, resilience, 
and transition) influence natural regeneration relative to the no action (unharvested) control, and 
do their impacts on the understory woody community differ from one another in terms of 
abundance, composition, diversity, and adaptability? These questions were addressed with an 
experimental study conducted in red pine-dominated forest stands located in northern Minnesota. 
Methods 
Study Site 
This study occurred at the Chippewa National Forest (latitude 47⁰40’N, longitude 
94⁰5’W) in north central Minnesota, USA (Figure 1). The study area has a cold temperate 
climate with mean annual temperatures of 4⁰C and mean annual precipitation of 70 cm and is 
characterized by little topographic relief (elevation 400-450 m). Soils consist of excessively to 
well-drained loamy sands derived from glacial outwash (M. B. Adams, Loughry, & Plaugher, 
2008).  
At the time of study installation, stands were approximately 85 years old, dominated 
primarily by an even-aged P. resinosa overstory of natural origin that regenerated following 
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widespread fires and logging circa 1918 (Nagel et al., 2017). Overstories consisted of mostly 
closed canopies and had a mean basal area of 31.9 m2ha-1 (Palik, Montgomery, Reich, & 
Boyden, 2014; B. D. Young et al., 2017).  
The ecosystem type of the study area is classified as a northern dry mesic mixed 
woodland (FDn33a), based on the Minnesota native plant community classification system (MN 
DNR, 2003). In addition to dominance by P. resinosa (86% of composition by basal area), the 
overstory included lesser amounts of Pinus strobus L. (eastern white pine, 5%), Pinus banksiana 
Lamb. (jack pine, 4%), Betula papyrifera Marshall (paper birch, 2%), Abies balsamea L. (balsam 
fir, 2%), Picea glauca (Moech) Voss. (white spruce, 1%), Populus grandidentata Michx 
(bigtooth aspen, <1%), and Quercus rubra L. (northern red oak, <1%) (Muller et al., 2019) prior 
to treatment. Quercus macrocarpa Michx. (bur oak), P. tremuloides, Prunus serotina Ehrh 
(black cherry), and A. rubrum were also present in the overstory, but observed infrequently. 
Other woody understory vegetation primarily consisted of Corylus spp. (hazel), Amelanchier 
spp. (serviceberry), and Lonicera spp. (native honeysuckle). Following treatment 
implementation, the remaining overstory continues to be dominated by P. resinosa.  
Experimental Design 
 Each of the four ASCC treatments (control, resistance, resilience, and transition) were 
replicated five times at the Cutfoot EF in a randomized complete block design (Figure 1). The 
mean treatment area (stand) is 12 hectares, with stands ranging in size from 10 ha to 22 ha. The 
total study area is 237 ha. No harvesting occurred in the control stands, so they represent a 
‘passive’ approach to management. In order to minimize negative effects of climate change and 
maintain the current species composition and ecosystem function (Millar et al., 2007), resistance 
treatments were designed to improve forest health and maintain current overstory dominance of 
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P. resinosa through a reduction in competition (Bottero et al., 2017; D’Amato, Bradford, Fraver, 
& Palik, 2013; Gleason et al., 2017). Resistance stands were free thinned to a residual basal area 
of approximately 23 m2ha-1. The resilience treatment was intended to provide stands with the 
ability to react to climatic changes in such a way that composition and function remained within 
the natural range of variability and included provisions for increasing age diversity and 
encouraging more future-adapted native species (Nagel et al., 2017). Variable density thinning, 
an approach developed to increase heterogeneity across stands (Franklin et al. 2007; Stanturf et 
al. 2014; Dumroese et al. 2015; Palik and D’Amato 2019) that also leads to structural 
characteristics more similar to historic P. resinosa-dominated forests (Fraver & Palik, 2012; 
Silver et al., 2013) was applied. In each resilience stand, 15-20% of the area was harvested in 0.2 
ha gaps, 15-20% was left unharvested in 0.2 ha reserves (“skips”), and the remainder (the matrix) 
was thinned to 23-28 m2ha-1. This approach creates or maintains multiple cohorts, another 
feature of historic P. resinosa-dominated forests. Gaps in the resilience treatment were treated 
with a harrow disc to sever Corylus spp. root systems and expose mineral soil, and planted with 
native species anticipated to be better suited to future climate. Finally, to better equip stands with 
the ability to respond adaptively to climatic changes (e.g. Millar et al. 2007), transition 
treatments employed an expanding gap irregular shelterwood harvest to increase resource 
availability and encourage regeneration while maintaining some overstory cover (Raymond, 
Bédard, Roy, Larouche, & Tremblay, 2009; Redmond et al., 2018). About 15-20% of each 
transition stand was harvested in 0.2 ha gaps that will be expanded after 15-20 years to further 
release established regeneration. The remainder of each stand (the matrix) was thinned to 16.07 
m2ha-1. The transition treatment also included planting a suite of tree species anticipated to be 
relatively well adapted to the predicted future climate (see Nagel et al. 2017; Muller et al. 2019). 
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Site preparation with a harrow disc was performed throughout each transition treatment stand. 
Planting of transition treatments and resilience treatment gaps occurred in spring 2016. 
Sampling Methods 
 Vegetation data were collected between May and August of 2019 from 170 permanently 
monumented 0.2-ha macro-plots located across the entire study site. The distribution of macro-
plots necessarily varied among treatments in order to capture the variability in structural 
conditions created by the treatment (Figure 1). Each control and resistance treatment stand 
contained 7 macro-plots distributed relatively uniformly across the stand Within resilience 
treatment stands, there were 5 macro-plots in thinned matrix, 3 macro-plots in un-thinned skips 
and 3 macro-plots located in harvested gaps. Transition treatment stands included 6 macro-plots 
in the thinned matrix, and 3 macro-plots in harvested gaps. Gaps in the resilience and transition 
treatments, as well as un-thinned reserves (“skips”) in the former treatment, were over-sampled 
in order to adequately capture the variability of conditions present within them; data from 
replicate gaps or skips were averaged within a stand to form one observation for each condition, 
so as to better represent to proportional area of these conditions in a stand. Within each macro-
plot, 19 subplots (1 m2) were established for measuring tree regeneration (3230 total subplots 
sampled, Appendix A). In each subplot, species, height, and basal diameter (at 15 cm height) 
were recorded for all tree stems greater than 15 cm in height and less than 2.5 cm diameter at 
breast height (D.B.H., at 1.3m). Only stems that were determined to be of natural origin were 
recorded (Appendix B). Measurement of shrub species took place in 8 of the 19 subplots located 
in each macro-plot (1360 total subplots). For shrubs, species, basal diameter at 15 cm, and height 





Aboveground woody biomass was calculated for all tree seedlings and shrubs using 
species-specific allometric equations based on diameter measurements (Perala and Alban 1993). 
Species frequency of observation was calculated as a proportion of the number of subplots the 
species was present in out of the total number of subplots sampled within each macro-plot. Then, 
estimates of aboveground biomass,  densities, and the frequency of observations were relativized 
to the stand-scale and used to calculate a relative importance index of species within each stand 
(McCune, Grace, & Urban, 2002). Relative importance indices provide a less biased estimate of 
species abundance due to their use of multiple measures of abundance rather than relying solely 
on stem densities or aboveground biomass estimates (McCune et al., 2002). Species richness and 
the Shannon diversity index (H’; Spellerberg and Fedor 2003) were also calculated at the stand 
scale using relative importance index values as the measure of species abundance. 
In order to quantify future relative adaptability to changing conditions, a community 
weighted mean (CWM; Curtis and McIntosh 1951; Oksanen et al. 1988; McCune et al. 2002; 
Lavorel et al. 2008) of adaptability for each stand was calculated as: 








where CWMi = mean for future relative adaptability in stand i, aij= abundance (relative 
importance in this case) of species j in stand i, wj= weight (adaptability score) of species j (Table 
1), with p=all of the species present in stand i  (Oksanen et al. 1988; McCune et al. 2002).  
Finally, in order to determine how adaptation treatments impacted natural tree 
regeneration and future relative adaptability relative to unharvested controls, I calculated change 
from control for density (ΔD), above-ground biomass (ΔBM), relative importance (ΔRI), and 
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future relative adaptability (ΔAdapt). This was done within blocks, so the mean for the 
unharvested control stand was subtracted from the mean for each of the active treatment stands 
(resistance, resilience and transition) within the same block.  
Hypothesis Testing 
 Effects of silvicultural treatments on stem densities, aboveground biomass estimates, 
species relative importance, diversity (H’), species richness of shrubs and trees, and change (Δ) 
in future relative adaptability were all tested using mixed-effects analysis of variance (ANOVA; 
Kuznetsova et al. 2017), with treatments as a fixed factor and blocks treated as a random effect. 
Residuals were visually checked to ensure homogeneity of variance. Pairwise comparisons were 
conducted with Tukey’s honest significant difference adjustment (Lenth, 2019). Significance was 
determined with an alpha of 0.1 for all tests. 
Nonmetric Multidimensional Scaling (NMDS) 
Community composition of tree species within each treatment was examined using 
nonmetric multidimensional scaling (NMDS). The NMDS was created in PC-ORD 7.0 using a 
random starting configuration and 500 runs with real data, followed by 249 runs of randomized 
data with 500 iterations total per run (McCune & Mefford, 1999). All species occurred in greater 
than 5% of all plots, so all were included in the NMDS. A permutation-based multivariate 
analysis of variance (perMANOVA) (McCune et al., 2002) was used to determine if there were 
any compositional differences among the  treatments using PC-ORD 7.0 (McCune & Mefford, 
1999). For both NMDS and perMANOVA, a Bray-Curtis dissimilarity index was used (Bray & 
Curtis, 1957). Pairwise differences between treatments were calculated using an FDR adjustment 




Woody species abundance and composition 
 Total density of woody species (stems greater than 15 cm in height and less than 2.5 cm 
diameter at breast height (DBH)) differed among treatments, five years after treatment 
implementation (Table 2). Transition treatments contained greater stem densities than the 
unharvested control, resistance, and resilience treatments (Figure 2). Resistance and resilience 
treatments contained higher stem densities than the controls as well (Figure 2), while stem 
densities within resilience and resistance treatments did not differ significantly. Shrub species 
drove most differences in total  density among treatments, particularly Corylus spp. (Table 2) 
and Rubus spp. (Table 2, Figure 2). Transition treatments contained a greater density of Corylus 
spp. and Rubus spp. than control, resistance and resilience treatments (Figure 2).  Densities of all 
tree species together (DBH < 2.5 cm) and other shrub species (excluding Corylus spp. and Rubus 
spp.) did not differ significantly among treatments. Change in density from control treatments 
(ΔD) of P. serotina varied greatly among active treatments (Table 3), with transition treatments 
having a greater change in P. serotina density than both resistance and resilience treatments 
(Figure 3). No other tree species showed a significant treatment effect, although errors were high 
for most, so the power to detect a difference may have been low for most comparisons. 
  
Aboveground woody biomass estimates for all stems greater than 15 cm centimeters in 
height did not differ among treatments (Figure 4). Of the four groups being tested (Corylus spp., 
Rubus spp., other shrub species, and pooled tree species), only Rubus spp. and tree species were 
significantly different among treatments (Table 2). As with stem density, transition treatments 
contain greater biomass estimates of Rubus spp. than control, resistance and resilience treatments 
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(Figure 4). Estimates of aboveground biomass for tree species were greater within resilience 
treatments than control treatments (Figure 4). No differences among treatments for ΔBM of 
individual tree species were observed (Figure 5, Table 3).  
Relative importance of individual species and groups also varied across treatments (Table 
2, Figure 6). Importance of Corylus spp. was greater in controls and resistance treatments 
compared with resilience and transition (Figure 6). Rubus spp. importance increased within 
active treatments, generally, and was also greater following transition treatment compared to 
resistance and resilience five years post-treatment (Figure 6). Importance of Rubus spp. was also 
much lower within control treatments than resistance and resilience treatments (Figure 6). 
Importance of other shrub species (excluding Corylus spp. and Rubus spp.) varied among 
treatments (Table 2), with control treatments having greater importance of other shrub species 
than resistance and transition treatments (Figure 6). Resilience treatments contained a greater 
importance of tree species than control and transition treatments (Figure 6).  
Change (Δ) in relative importance from control treatments varied among active 
treatments for individual tree species (Figure 7). Differences were observed for A. balsamea 
(Table 3), with transition treatments leading to a greater change than resistance treatments 
(Figure 7). Pinus banksiana ΔRI also varied among the active treatments (Table 3), with 
resilience treatments having greater change than resistance and transition treatments (Figure 7). 
Pinus strobus varied among treatments as well (Table 3), with greater ΔRI in resistance 
treatment and transition treatments varying (Figure 7). Finally, differences ΔRI treatments were 
observed for P. serotina (Table 3), with transition treatments exhibiting greater change from 
control than both resistance and resilience treatments (Figure 7). 
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Diversity (H’) and richness of understory woody species varied among treatments (Table 
2, Figures 5A and 5B). Resilience treatments resulted in greater woody species diversity and 
richness, generally, and tree species diversity and richness, specifically, than all other conditions 
(Figure 8). Resistance and transition treatments also increased tree species diversity and richness 
over controls (Figure 8C). Shrub species diversity did not differ across treatments (Figure 5E) 
although shrub species richness did (Table 2), with resilience treatments containing greater 
richness of shrubs than transition treatments (Figure 8F).  
Future relative adaptability 
 Change relative to control treatments in relative adaptability (ΔAdapt), an index based on 
projected habitat suitability and stress tolerances, varied significantly among  treatments 
(F=7.138, p=0.017). Mean ΔAdapt was greatest in the transition treatments, which differed from 
both resistance and resilience which were indistinguishable (Figure 9).  
NMDS ordination of species relative importance revealed a gradient in the composition 
of natural regeneration related to the climate adaptation treatments (Figure 10). A two-
dimensional NMDS ordination provided the best solution (stress of 14.9%). Treatments 
overlapped minimally in ordination space, and observed differences among treatments were 
confirmed with PERMANOVA (F=3.811, p=0.002). Following correction for pairwise 
comparisons, only resistance and resilience treatments were similar (T=1.10, p=0.376), with all 
other treatments showing significant pairwise differences from one another. Consistent with 
treatment comparisons reported above, tree species diversity trends most toward resilience 




 Global climate change poses immense challenges for forest ecosystems and their 
sustainability, so long-term, operational-scale experiments such as ASCC are imperative for 
informing forest management decisions. This study examined natural tree regeneration and shrub 
densities five years after treatment in order to quantify understory forest response to three 
silvicultural strategies designed to enhance  climate adaptation (resistance, resilience, transition) 
in Pinus resinosa–dominated forests and to determine how each  impacted future ‘adaptability’. 
While overall tree densities did not vary among any of the strategies assessed, the species 
composition of tree regeneration and the abundance of Rubus spp. and Corylus spp. did differ 
among treatments and this will have implications for the future composition and function of 
these forests.  
Resistance 
 The ‘resistance’ approach to managing forests for future climate conditions, designed to 
maintain current composition and function to the greatest extent possible under changing 
climate, uses a commonly applied management strategy within P. resinosa-dominated forests 
(Gilmore & Palik, 2006); however, until recently it has been rarely examined in the context of 
climate change and how those strategies may influence the future adaptability of the included 
stands. Application of the resistance treatment on the ASCC-CEF resulted in similar levels of 
Corylus spp. importance relative to unharvested control treatments, as well as similar shrub 
species diversity and richness. It also did not impact the future adaptability of the naturally 
regenerated tree seedling community. However, this treatment did increase diversity and richness 
of tree species relative to unharvested controls. As seen in similar studies in the region, the tree 
species with greatest density and relative importance within resistance treatments was A. rubrum, 
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affirming predictions of a potential shift towards a more hardwood-dominated ecosystem in the 
future (Frelich & Reich, 2010; Roberts et al., 2017; Silver et al., 2013). Even with increased 
importance of A. rubrum, a species considered to be more adapted to future climate than other 
tree species in this forest (Handler et al., 2014; Iverson et al., 2008; Matthews et al., 2011), 
resistance treatments had the lowest future relative adaptability reflected in natural regeneration. 
This is likely influenced by the high level of A. balsamea importance, which is considered to be 
more sensitive to changes in climate and likely less adaptable to a predicted warmer and drier 
climate (Handler et al., 2014; Matthews et al., 2011). In the short-term, this treatment may be 
effective at maintaining a P. resinosa-dominated forest, but without future intervention to 
increase regeneration of Pinus species and decrease the importance of shrub species such as 
Corylus spp., maintaining the current overstory composition may prove difficult, considering 
predicted climate trajectories and increased prevalence of more competitive hardwood species 
(Frelich & Reich, 2010; Handler et al., 2014; Iverson et al., 2008; Millar et al., 2007; Nagel et 
al., 2017). 
Resilience 
 A resilient ecosystem should have the capacity to return to its previous composition and 
function, within a natural range of variability, if changes occur following a disturbance (Millar et 
al., 2007). Of the three climate adaptation strategies, resilience strategy themes are the most 
commonly applied in forest management with a strong focus on climate adaptation across the 
midwestern United States (Ontl et al., 2018), however it is difficult to evaluate in the short-term 
without clear benchmarks (Gunderson, 2000; Johnstone et al., 2016; Magurran et al., 2010; Ontl 
et al., 2018).   
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The resilience treatment employed on the ASCC-CEF led to greater overall species 
diversity and richness in the woody understory community of included stands, compared to the 
control, resistance and transition treatments; however, future adaptability of the tree seedling 
community was similar to that of the resistance treatment. Relying heavily on the ideas that 
greater diversity in structure and species richness will confer a greater capacity for positive 
change from future disturbances (Fahey, Fotis, & Woods, 2015; Isbell et al., 2015) and provide 
an ecological memory link to prior reference states (Johnstone et al., 2016; Park et al., 2014; 
Webster et al., 2018), the resilience treatment for this study was designed to create the greatest 
variability in resource and environmental conditions for regenerating trees at the stand scale. 
This involved emulating conditions similar to the historical structure of P. resinosa-dominated 
forests (Fraver & Palik, 2012), with stands providing early seral habitat in scarified and intensely 
disturbed gaps and refugia for species less tolerant of disturbance in unharvested ‘skips’, similar 
to historical mixed-severity natural disturbance, which had heterogenous impacts at stand to 
landscape-scales ( Silver et al. 2013; Palik and D’Amato 2019; Palik et al. 2020).  
 Despite variability in responses of individual species, the greater species richness of 
natural tree regeneration reported here suggests that the resilience treatments may have created 
the ecological memory links needed for this forest ecosystem to rebound to a desired state if 
impacted by future disturbance (Johnstone et al., 2016; Nagel et al., 2017; Stanturf, 2015; 
Webster et al., 2018).  
Transition 
 Transitioning an ecosystem to be better adapted to a future climate is wrought with 
uncertainties (Millar et al., 2007), but as planting trials in the ASCC experiment indicate, P. 
resinosa ecosystems may already be able to support many species considered to be better 
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adapted to a warmer, dryer growing season (Muller et al., 2019). The present study shows that 
future adapted species are regenerating naturally in response to treatments, with greater  
importance of such species observed relative to resistance and resilience treatments. This 
included P. serotina, a species that is considered to be more generally suited to future climate 
conditions and to have greater tolerance to environmental stresses(Handler et al., 2014; Iverson 
et al., 2008; Matthews et al., 2011; Nagel et al., 2017). Trends in the relative importance of A. 
rubrum, Q. macrocarpa and Q. rubra, all species that are also expected to be more suited to 
future climate (Handler et al., 2014; Matthews et al., 2011; Muller et al., 2019; Nagel et al., 
2017), suggest they may also respond well to the transition treatments. While individual trends in 
these species were characterized by high variability, the combination of each of these species 
considered to be better adapted to a warmer and drier future climate (Handler et al., 2014; 
Iverson et al., 2008; Matthews et al., 2011) likely contributed to the higher overall relative 
adaptability of the stands in transition treatments and the greatest change from control 
treatments.  
These early results suggest the transition treatment may positively impact adaptability, 
even without artificial regeneration.  Site preparation within transition treatments may have 
helped reduce shrubs in the early stages of seedling establishment, but, it is worth noting that the 
density of Corylus spp. and Rubus spp. were both highest in the transition treatments. High 
densities of shrubs, like Corylus and Rubus spp. have the potential to negatively impact 
regeneration through competition for light and water, particularly during drought conditions 
(Gleason et al., 2017; Kern et al., 2012; Martínez-vilalta & Lloret, 2016; Montgomery, Reich, & 
Palik, 2010; Redmond et al., 2018). On the other hand, shrubs maypositively influence 
regeneration through protection from herbivory and amelioration of stressful microclimatic 
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conditions  (Montgomery et al., 2010; Walters, Farinosi, Willis, & Gottschalk, 2016). Overall, 
short-term results of transition treatments show promise for using overstory manipulation to 
elicit an adaptive response in natural tree regeneration.  
Conclusion 
Natural regeneration is an important component of sustainable forest management, key to 
ensuring productive forest ecosystems for future generations, particularly when resources are too 
limited to support planting seedlings or direct seeding. Therefore, knowing what species are able 
to establish naturally following adaptation treatments that combine overstory manipulation with 
site preparation such as those explored here will inform future climate adaptation strategies.  
Although planting seedlings may be a more predictable way to regenerate stands that are better 
adapted for future conditions, these results suggest relying on natural regeneration may be a 
viable option that is simpler and less expensive to implement. Overall, this study affirms the 
potential for using silviculture to increase tree diversity and future adaptability in anticipation of 
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Table 1. Adaptability ratings of tree species found in the ASCC experimental site 
Species Climate Adaptability Rating 
A. balsemea (ABBA) 2.7 
A. rubrum (ACRU) 8.5 
B. papyrifera (BEPA) 3.4 
F. nigra (FRNI) 1.7 
P. banksiana (PIBA) 5.2 
P. glauca (PIGL) 3.9 
P. grandidentata (POGR) 5.1 
P. resinosa (PIRE) 3.9 
P. serotina (PRSE) 3 
P. strobus (PIST) 3.3 
P. tremuloides (POTR) 4.7 
Q. macrocarpa (QUMA) 6.4 
Q. rubra (QURU) 5.4 






Table 2. Summary of type three tests of fixed effects for mixed model ANOVA results indicating 
differences in natural regeneration responses among treatments (“TRT”). Statistically significant 
results (p<0.10) are shown in bold text. 
 
 
All woody  
species combined 
















TRT 3 1.31 0.317 1.85 0.192 30.05 <0.001 1.67 0.214 5.6 0.037 
Relative 
Importance 
TRT 3 NA NA 10.1 0.001 48.97 <0.001 5.68 0.008 6.15 0.009 
Shannon’s H’ TRT 3 6.42 0.008 NA NA NA NA 1.93 0.165 10.71 <0.001 
Species 
Richness 
TRT 3 7.35 0.003 NA NA NA NA 2.97 0.063 20 <0.001 
 
Table 3. ANOVA results for tree species change (Δ) from control. Statistically significant results 
(p<0.10) shown in bold text. 
 
 
Δ Stem Density Δ Aboveground 
Biomass  
Δ Relative Importance 
 
Source df F P-value F P-value F P-value 
A. balsamea TRT 2 1.82 0.205 1.63 0.256 3.41 0.085 
A. rubrum TRT 2 1.03 0.399 0.73 0.513 2.98 0.109 
B. papyrifera TRT 2 1.31 0.305 0.87 0.445 1.93 0.188 
F. nigra TRT 2 1.66 0.25 1.55 0.27 1.57 0.266 
P. banksiana TRT 2 0.86 0.445 1.64 0.252 7.62 0.014 
P. resinosa TRT 2 1.17 0.357 0.47 0.641 0.76 0.501 
P. strobus TRT 2 2.78 0.121 0.89 0.435 3.49 0.082 
P. serotina TRT 2 9.51 0.008 1.56 0.249 5.68 0.018 
P. glauca TRT 2 1.33 0.317 0.45 0.656 0.02 0.99 
P. 
grandidentata 
TRT 2 2.42 0.13 1.23 0.341 2.64 0.112 
P. tremuloides TRT 2 0.945 0.416 1.65 0.252 0.63 0.559 
Q. 
macrocarpa 
TRT 2 2.93 0.11 0.04 0.96 2.56 0.138 
Q. rubra TRT 2 0.35 0.717 1.79 0.209 0.091 0.914 




Table 4. Species observed within plots (>15 cm in height) on ASCC-CEF. 








x x x 





x x x 
Salex spp. 
 
x x x 
Ribes hirtellum 










Tilia americana x x 
  
Cornus rugosa x x x 
 
Sambucus racemosa x x x 
 
Amelanchier lamarckii x x x 
 
Sorbus americana x 
   
Acer spicatum x x x 
 
Amelanchier spp. x 
 
x x 
Alnus incana x 
 
x x 
Lonicera canadensis x x x x 
Abies balsamea x x x x 
Diervilla lonicera x x x x 
Quercus macrocarpa x x x x 
Populus grandidentata x x x x 
Prunus virginiana x x x x 
Corylus spp. x x x x 
Lonicera hispidula x x x x 
Betula papyrifera x x x x 
Rubus spp. x x x x 
Acer rubrum x x x x 
Quercus rubra x x x x 
Rosa spp. x x x x 
Pinus resinosa x x x x 
Pinus strobus x x x x 









Figure 1. Map showing location of ASCC-CEF on the Chippewa National Forest in Northern 
Minnesota, USA. Map includes all treatments (control, resistance, resilience and transition) as 




Figure 2. Mean total density of woody species (large bars) (height>15cm, D.B.H.<2.5) found 
within treatments, as well as densities for individual groups and species. Error bars are one 
standard error. Lower case letters indicate significant differences among treatments for species 
and species groups following Tukey-adjusted pairwise comparisons. Upper case letters represent 





Figure 3. Mean change in tree species density (stems >15 cm in height, D.B.H.<2.5 cm) of 
treatments relative to the control. Error bars are standard error. Lower case letters indicate 






Figure 4. Aboveground Biomass of woody stems (height>15cm; D.B.H.< 2.5 cm) within each 
treatment, as well as estimates for individual groups and species. Error bars represent one 
standard error. Lower case letters indicate significant differences among treatments for species 
and species groups following Tukey-adjusted pairwise comparisons. Upper case letters represent 





Figure 5. Aboveground biomass of tree seedling species (tree seedlings with height>15cm, 
D.B.H. <2.5 cm) within treatments. Error bars represent standard error. Lower case letters 






Figure 6. Relative importance of species and groups (height>15cm; D.B.H.< 2.5 cm) within each 
treatment. Error bars represent one standard error. Error bars represent one standard error. Lower 





Figure 7. Relative importance of tree seedling species (height>15cm, D.B.H.<2.5cm) compared 
among treatments. Error bars represent standard error. Lower case letters indicate species whose 





Figure 8. Boxplots of A. Diversity of all species observed; B. Richness of all species observed; 
B. Richness of all species observed; C. Diversity of tree species observed; D. Richness of tree 
species observed; E. Diversity of shrub species observed; F. Richness of shrub species observed. 







Figure 9. Change in future relative adaptability from control stands. Error bars represent one 
standard error. Lower case letters indicate differences between treatments following Tukey-




Figure 10. Two dimensional bi-plot of NMDS ordination of harvest treatments based on Bray-
Curtis dissimilarity index of tree species relative importance. Centroid centers represent mean 
location of sites in species space, with error bars representing one standard error around the  
mean. Species are indicated with four-letter codes (see Table 1 for abbreviations). Shannon 










Appendix A. Plot Layout 
  
Plot layout, large circle is macro-plot boundary (16 meter radius), the star is plot center. Measurements 
within black boxes consisted of both shrub and tree stems. Within grey boxes measurements included 





8 m from center 4 m from center 
56 
 
Appendix B: Protocol for Identifying Naturally Regenerated Seedlings 
Relying on species identification to eliminate non-native planted seedlings was the first step in 
determination. Similarly, if a seedling was marked with a tag at the base and pin flag near it, it 
signified it was a tracked planted seedling. If a seedling was a native species and did not bear a 
tag, I relied on knowledge of the planting regime to further determine a seedlings origin. Planting 
rows were aligned in cardinal directions with very clear patterns. A final check for oak seedlings 
in particular were paint marks at the base of the stem indicating nursery origins. These steps 
were only necessary in areas that were planted (i.e. transition treatments, and resilience gaps) 
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CHAPTER 3. GENERAL CONCLUSION 
The results presented in this thesis demonstrate the ability to increase species diversity 
and richness as well as future climate adaptability through silvicultural treatment. The 
heterogenous conditions in the resilience treatment in particular, created through the inclusion of 
gaps and skips, successfully raised species biodiversity and richness when compared to 
unharvested control treatments. At the same time the relative importance of tree species was 
highest within resilience treatments as well. Overstory manipulation also proved successful at 
increasing the future adaptability of the stands included within transition treatments as a whole. 
Transition treatment stands contained the greatest abundance of species considered to more 
adapted to future conditions, such as P. serotina and A. rubrum, which helped raise the overall 
future adaptability for this treatment. Densities of species considered to be poorly suited to future 
climate projections, such as A. balsamea, were greater within resistance treatments, resulting in a 
lower overall adaptability score for the  treatment.  
The initial results of this long-term study show the ability to successfully move them 
towards future desired conditions through silvicultural treatments. Due to the adaptive nature of 
the ASCC project, treatments are ongoing, with follow up shrub reduction treatments already 
having occurred within resilience and transition treatments. Within resilience treatment gaps and 
entire transition treatments, shrub levels were reduced to improve conditions for seedlings 
following collection of data for this thesis. Future monitoring will be needed within those 
treatments to determine whether the shrub reduction has had its desired effects and future 
adapted species continue to increase in importance. Future entry of resistance treatments is 
planned for the coming decade with increased overstory removal to decrease competition as 
drought continues to increase in frequency. Following this entry, it would be beneficial to 
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decrease shrub density to encourage Pinus spp. regeneration, either through scarification or 
brushing. Reintroduction of natural disturbances such as fire are generally seen as a positive 
management technique, however in this case it may not be well suited for each of the treatments. 
Within resistance and resilience treatments, fire may have a positive effect, creating more 
suitable conditions for regeneration within resistance treatments, and further increase the 
structural diversity already present within resilience treatments. Due to the investment of 
planting within transition treatments, re-introduction of fire would not be recommended until 
individuals are large enough to withstand the negative effects of fire. It should also be noted that 
previous studies in the region examining the effects of prescribed fire observed gradual returns to 
pretreatment conditions when prescribed burning was ceased. Their results suggest that without 
continued treatment overtime the long-term benefits of prescribed fire may be lost.  
Given the long-term nature of the Adaptive Silviculture for Climate Change project, these 
results are the first of many other studies to come from this site. There are many collaborators 
working on this site with numerous data streams available to use for greater collaboration 
between scientists. There are several future research projects that could take place now with data 
that has already been collected. Pairing the data collected for this study and overstory data that 
has been collected, modelling could be done to determine the effects of overstory removal on 
natural regeneration with more detail than just fixed treatment factors. Along with that modeling 
effort, micro-climate data that has been collected since the establishment of the project could 
also be used to provide greater insight to climatic conditions in the understory and its effects on 
natural regeneration throughout the study site. Quantifying the future adaptability of shrub 
species present would also be something that could be done with data that is currently collected, 
as it stands currently, future adaptability of these stands is only quantified for tree species which 
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make up only a portion of the overall composition of species within these stands. Finally, the 
inclusion of artificial regeneration when calculating the adaptability index would provide a more 
complete picture of the future adaptability of regeneration within the treatments stands.  
 Future studies that could be conducted with data that has yet to be collected could 
include more precise measurement of overstory and midstory structural characteristics and light 
environments through terrestrial laser scanning. This would provide greater insight into how 
forest structure and the light environments it creates may influence seedling regeneration. 
Considering that these sites will be continually monitored throughout time, another research 
avenue would be tracking of naturally regenerated seedlings similar to the tracking of planted 
seedlings to compare growth and fitness over time and under changing climatic conditions. As 
stated before these are the initial results of a long-term study that will span decades, many of the 
studies that will take place on this site and other ASCC sites have yet to be conceived.  
 
 
